Abstract: Multiple myeloma (MM) is an incurable plasma cell malignancy characterized by a monoclonal proliferation of plasma cells in the bone marrow (BM), secretion of paraprotein in serum, development of osteolytic bone lesions and angiogenesis in the BM. In the BM, MM cells receive signals to survive and proliferate due to the existence of functional, mutual interactions between the MM cells and the BM stromal cells. This stroma not only offers protection against apoptosis and leads to growth stimulation, but also has a role in the clinical very relevant drug resistance. As such, it became clear that the BM stroma can also become a therapeutical target in addition to the MM cells. In the past, the BM fibroblasts were considered to be the main stromal cells that interact with the MM cells. However, since the observation of a myeloma associated angiogenesis in patients and in the 5TMM mouse model, it became clear that the endothelial cells (EC) are also an important participant of the BM stromal cells. BMEC are involved in the specific homing of MM cells and are a source of paracrine growth factors. In this review, the interaction between BMEC and MM cells will be discussed.
INTRODUCTION
Multiple myeloma (MM) is a plasma cell malignancy characterized by an uncontrolled expansion and accumulation of monoclonal plasma cells in the bone marrow (BM), secretion of paraprotein in serum, development of osteolytic bone lesions and angiogenesis in the BM. It accounts for about 1% of all cancer-related deaths in Western countries and is the second most prevalent hematological cancer after non-Hodgkin Lymphoma [1] . The malignant cells depend on the BM microenvironment for their survival and growth and are therefore selectively localized in this tissue. It is only in the late stages that MM cells might become independent of the microenvironment, resulting in extramedullary growth [2] [3] [4] [5] . Given the post-germinal origin of the MM cells, this specific localization in the BM during the main course of the disease evolution implies migration from the vascular to the extravascular compartment of the BM, referred to as "homing" [6, 7] . Despite intensive research the past few years, MM still remains an incurable disease [8] . Importantly, it has been shown that functional, mutual interactions between the MM cells and the BM milieu, through growth factors and adhesion molecules, confer resistance to conventional therapies [9] . So, to improve the outcome, novel biologically based treatments targeting not only the MM cell itself, but also the cell-host interaction and growth factors in the BM milieu should be combined with conventional therapies [10] . The BM microenvironment is a complex structure composed of various extracellular components, growth factors and many cell types including fibroblasts, endothelial cells, adipocytes, osteoclasts, osteoblasts, immune cells and hematopoietic progenitors [11] [12] [13] . For a long time the BM fibroblasts were considered to be the main and only cell type with whom the MM cells interact functionally [14] . However, since it has been shown that BM angiogenesis is a hallmark of MM progression and correlates with disease activity [15] , it has become clear that the bone marrow endothelial cells (BMEC) are not solely involved in homing to the BM as 'gatekeepers', but are also able to promote MM cell growth and survival and thus contribute to MM progression [16] . Here, we will present an overview of the literature focusing on the contribution of the BMEC to the MM biology and disease progression. Finally, we will summarize the novel therapeutic strategies targeting directly or indirectly the BMEC.
INVOLVEMENT OF BMEC IN HOMING
A model described by Butcher and Picker [7] represents the trafficking and homing of lymphocytes as a multistep process (with each step having its own specificity) involving: I) reversible rolling along the endothelial border through selectin-mediated adhesion, II) activation of the cells through binding of pro-adhesive factors on G-protein coupled receptors, III) activation-dependent arrest via integrins and IV) subsequent transendothelial migration as the cells are now susceptible to chemokines and other chemotactic molecules attracting them to the extravascular compartment. Chemokines are low molecular weight proteins that bind to G-protein coupled receptors and induce migration. The chemokine system is very complex (more than 40 members) with large redundancy and has a pleiotropic role in cancer, also stimulating growth and survival of several cancers [17, 18] . To invade through the basement membrane, the cells also need metalloproteinases (MMPs) to degrade the matrix. In anal-ogy to the homing of lymphocytes, one can assume that the homing of MM cells is also a multistep process.
a. Migration
A prerequisite for transendothelial invasion to the extravascular compartment of the BM is the initial attraction by the BMEC through secretion of chemoattractants. However, in the process of homing chemoattractants not only have a role in the attraction to the endothelium, but are also involved in the activation of the MM cells and attraction to the BM environment. We and others have identified several chemoattractants which are involved in the attraction to the BMEC and/or BM environment, with stromal cell derived factor 1 alpha (SDF1 /CXCL12), monocyte chemoattractant protein-1,-2 and -3 (respectively MCP-1/CCL2, MCP-2/CCL8 and MCP-3/CCL7), interleukin-8 (IL-8), interferon inducible T-cell alpha-chemoattractant (I-TAC/CXCL11), insulin-like growth factor 1 (IGF-1), syndecan-1 and macrophage inflammatory protein 1 alpha (MIP1 /CCL3) being only a few of them. MCP-1, a low molecular weight monomeric polypeptide belonging to the CC chemokine family, binds to the CCR2 receptor. BMEC secrete MCP-1, which induces chemoattraction of the CCR2-expressing 5T33MM and 5T2MM MM cells [19] . The 5TMM mouse model is a suitable model to study the development of MM. The 5TMM cell lines originated spontaneously in elderly C57Bl/KaLwRij mice and have since been propagated in syngeneic, young mice by transplantation of diseased BM cells isolated from MM-bearing mice [20] . By this method, several exclusively in vivo growing MM cell lines were obtained, of which the 5T2MM and the 5T33MM are the ones most studied. The clinical and molecular characteristics of these models are very similar to those of the human disease [5, 21] . Human primary MM cells and MM cell lines also express CCR2 and MCP-1, MCP-2 and -3, produced by stromal cells, attract the human MM cells [22, 23] . Moreover, interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF ) induced autocrine upregulation of MCP-1 in human MM cells has also been reported [24, 25] . Another chemokine which has been shown to attract human MM cells to the endothelial border is SDF1 , which binds to the CXCR-4 receptor [26] [27] [28] . 5T33MM cells express CXCR-4 and SDF1 , produced by stromal cells, attracts the MM cells [29] . IGF-1, a cytokine present in high concentrations in the BM, is an important survival and growth factor for MM cells [30, 31] . 5T2MM and 5T33MM cells express the IGF-1R and are attracted to IGF-1 [32] . Moreover, we have shown that the IGF-1R is upregulated after interaction with the BMEC [33] . The chemotactic activity of IGF-1 was also demonstrated on human MM cell lines [34, 35] . MIP1 is not only an osteoclast stimulating factor, but also acts as a chemoattractant for 5TMM cells [36] . Currently, there are 2 reports that also describe MIP1 as a chemokine for human MM cells [27, 37] . Human MM cells (both cell lines and primary cells) and the 5TMM cells are also attracted by laminin-1 through interaction with the 67kD laminin receptor, which can be upregulated after contact with BMEC [38] . However, this molecule does not contribute to the selective presence of the MM cells in the marrow, as laminin-1 is a component of the basement membrane beneath the EC layer.
b. Adhesion
Adhesion molecules are necessary for cell attachment to the endothelium and activation. In addition, adhesion molecules are also necessary to interact with the BM stromal cells. The expression pattern of adhesion molecules by MM cells has been thoroughly studied and the expression of the lymphocyte homing receptor CD44, VLA-4 (CD49d), VLA-5 (CD49e), N-CAM (CD56), ICAM-1 (CD54), v 3 (CD51), syndecan-1 (CD138) and LFA-1 (CD11a) has been shown [39] [40] [41] [42] [43] [44] . CD44 is a family of adhesion molecules that are involved in many processes including adhesion of plasma cells to BM stromal cells [45] . There are many splice variants of this molecule with restricted expression. The expression of the different CD44 variants defines several prognostic subgroups in human myeloma [46, 47] . 5T2MM and 5T33MM cells express the variants CD44v6, CD44v7, and CD44v10 [33, 48] . CD44v10 is necessary for adhesion to BM endothelium, while CD44v6 is involved in the adhesion to the BM fibroblasts. The involvement of CD44v6 in adhesion of human MM cells to BM stromal cells was also shown [45] . Moreover, we have demonstrated both in vitro and in vivo that CD44v6 becomes upregulated after contact with the BM endothelium [33] . It was also demonstrated that CD44 has a role in the transendothelial invasion of the MM cells and in melanoma CD44 mediates invasion through MMP-9 [49, 50] . VLA-4 and syndecan-1 are involved in adhesion of MM cells to, respectively, fibronectin and collagen I [40, 43, 51] . To bind to fibronectin and vitronectin the MM cells also use the V 3-integrin and this integrin enhances the invasiveness of human MM cells by inducing the release of uPA, MMP-2 and MMP-9 [52] . Homotypic cell aggregations of MM cells are formed by interaction between ICAM-1 and LFA-1 [53] . LFA-1 and VLA-4 are involved in adherence of MM cells to long-term BM cultures and VLA-4 especially in BMEC adherence, resulting in NF-Bdependent transcription and secretion of IL-6 in BMSC and BMEC [3, 49] . Changes in adhesion molecule expression have been associated with malignant transformation, tumor spreading and immortalization. N-CAM expression is enhanced during the malignant process, while VLA-5 and LFA-1 are downregulated [43] . Furthermore, adhesion of the MM cells to fibronectin and BMSC results in a reversible, de novo drug resistance called cell adhesion mediated drug resistance or CAM-DR [54, 55] .
c. Invasion
Once adhered to the BM endothelium, the cells need to extravasate through the endothelial layer and the basement membrane underneath into the extracellular matrix (ECM). This process involves proteases to degrade the basement membrane and the ECM [56] [57] [58] . The MMP family and uPA (urokinase type plasminogen activator) are the most well known proteases. The MMPs are a family of zinc-dependent endopeptidases, consisting of several members with different substrate specificity. Together, they can degrade virtually all components of the ECM and basement membrane. MMP-9, MMP-2, and MMP-7 production has been demonstrated in human MM cells and their involvement in transendothelial migration and invasion has been shown [59] [60] [61] . MMP-2 and MMP-9 are gelatinases and degrade all types of denatured collagen (collagen IV, present in the basement membrane). Our group has demonstrated both for human MM cells and for the 5TMM cells that BM endothelium can upregulate the MMP-9 secretion by the MM cells [62, 63] . uPA is a specific serine protease that activates plasminogen into plasmin by proteolytic cleavage, which in turn can activate different MMPs and degrades many ECM components including laminin-1, fibronectin, and proteoglycans [58] . Binding of uPA to its receptor (uPAR) results in the concentration of this activity to the leading edge of the invading cell [64] . 5T2MM and 5T33MM cells both express the uPAR and produce uPA [65] . (Fig. 1) depicts the homing of the MM cells to the BM.
ANGIOGENESIS
To expand, invade and metastize, tumors need to develop new collateral blood vessels. One of the processes on which tumors can rely is angiogenesis: the generation of new capillaries from pre-existing blood vessels [16] . Angiogenesis is a very complex and tightly regulated process involving extensive interplay between cells, soluble factors and ECM components. During this process endothelial cells proliferate, degrade the basement membrane, migrate, form lumen and finally differentiate and mature into a tubular network [66, 67] . Several cytokines have been identified as pro-and anti-angiogenic factors, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), Angiopoietin-1 (Ang-1) and Ang-2 [68, 69] . Pro-angiogenic factors stimulate survival, growth and migration of the EC and stimulate MMPs secretion by the EC, resulting in degradation of the basement membrane and ECM beneath the blood vessel [70, 71] . In tumor-associated angiogenesis, the tumor cells release numerous pro-angiogenic factors. When the effect of angiogenic agents becomes stronger than the effect of anti-angiogenic agents in the tumor environment, then an angiogenic switch (from the avascular to the vascular phase) occurs [68, 69, 72] . Numerous endogenous anti-angiogenic agents haven been described, of which interferons, endostatin, angiostatin and vasostatin are the most well known [68] . The microvessel density (MVD) has been used widely as a surrogate marker for angiogenesis [16] . Vacca et al. were the first to demonstrate enhanced angiogenesis in the BM of MM patients (increased MVD) which is correlated with the activity of the disease [15] and this has been confirmed by others [73, 74] . It was also shown that this increase in MVD is associated with poor prognosis [73] [74] [75] . Furthermore, conditioned medium of MM cells induced an angiogenic response [15, 76] . 5TMM cells induce angiogenesis both in vitro and in vivo [77] . Moreover, like in solid tumors, an angiogenic switch from a pre-angiogenic stage of slow tumor progression to a stage of accelerated tumor growth has been shown in the 5T2MM mouse model [78] . It is assumed that MGUS and non-active MM represent the prevascular phase, while active MM represents the vascular phase [66, 76] . Comparable to the situation in solid tumors, at least part of the tumor-associated microvessels in MM is functionally connected to the circulation and, therefore, can contribute to the growth and dissemination of the MM cells [79] . VEGF, bFGF, HGF, platelet derived growth factor (PDGF), Ang-1 and osteopontin (OPN) are some examples of pro-angiogenic factors expressed by the MM cells and/or BMSC and BMEC [66, 80, 81] . Among these, VEGF has been studied most in detail. VEGF is secreted by MM cells and this secretion can be enhanced by IL-6 and IGF-1 [82] [83] [84] . Currently, 6 structurally related glycoproteins belonging to the VEGF family are known: VEGF-A to VEGF-E and placenta growth factor (PlGF). Of VEGF-A there are 4 isoforms, namely VEGF 121 , the predominant isoform VEGF 165 , VEGF 189 and VEGF 206 . There are 3 VEGF receptors: VEGFR1 to VEGFR3 [13, 85] . MM cells secrete VEGF-A which stimulates proliferation, migration, differentiation and survival of the EC via VEGFR2 [13, 86] . Using the selective inhibitor SU10944, it was found that VEGFR is involved in the neovascularization process in the 5T33MM model 1 . bFGF was found to stimulate angiogenesis in vitro and levels were found to be significant higher in patients with active disease [76] . However, the source of bFGF in patients with MM is not completely elucidated [76, [87] [88] [89] . Guilliani et al. found that Ang-1 is produced by the MM cells and has a proangiogenic effect. Moreover, MM cells upregulate the expression of the receptor for Ang-1, namely Tie2, on the BMEC [90] . MCP-1 is also able to stimulate angiogenesis by inducing VEGF expression by the EC [91] .
Apart from their angiogenic potential, VEGF and bFGF also support growth of the MM cells through auto-and paracrine interactions. Both VEGF and bFGF stimulate IL-6 secretion by the BMSC and BMEC [83, 87] . In turn, IL-6 enhances MM cell survival by stimulation of growth and protection against apoptosis [83] . IL-6 also stimulates VEGF and bFGF expression by the MM cells [83, 87, 88] . Moreover, it has also been shown that VEGF-C and -D, secreted by the recruited and activated stromal cells, stimulate proliferation of the MM cells through binding to VEGFR3 [86] . Furthermore, BMEC also express VEGF [81] . VEGF also induces survival (upregulation of Mcl-1 and survivin), proliferation (MEK-ERK pathway) and migration (PI3K-PKC dependent pathway) of MM cells in an autocrine manner by binding to the VEGFR1 [13, 92] . Recently, Kumar et al. reported the expression of VEGFR2 on MM cells [93] , but this could not be confirmed by others [92, 94] .
BMEC PLAY AN ACTIVE ROLE IN MM PROGRES-SION
As previously mentioned, functional and mutual interactions exist between the MM cells and the BM stroma through growth factors and adhesion molecules. The interaction through adhesion molecules has been previously discussed (see 'Involvement of BMEC in homing'). IL-6, IGF-1, VEGF, SDF1 , TNF , FGF, transforming growth factor beta 1 (TGF 1) and interleukine-1 beta (IL-1 ) are only a few of the extensive list of growth factors in MM. Despite a different starting point for the growth factor vs. adhesion triggered signaling pathways they converge to the same 4 proliferative/ anti-apoptotic signaling pathways (namely PI3K/Akt, IKK-/NF-B, Ras/Raf/MAPK/Erk and JAK2/STAT3) and have ultimately similar functional effects [14] .
a. IL-6
IL-6 has been described as the most essential growth and survival factor for MM cells [95] [96] [97] . IL-6 exerts its effects by binding to IL-6R/gp80, which subsequently induces phosphorylation and homodimerisation of gp130 followed by the activation of at least 3 major signaling pathways [98] . IL-6 induced proliferation is mediated by the Ras/Raf/ MAPK/Erk pathway, survival both by the JAK2/STAT3 pathway and PI-3K/Akt pathway and IL-6 induced Dexamethasone drug resistance by the PI-3K/Akt pathway [10, 99] . Furthermore, IL-6 has also a role in stimulating osteoclastogenesis and has been shown to upregulate CD44 expression on the MM cells [100, 101] . Other growth factors like interleukin-11 (IL-11), leukaemia inhibitory factor (LIF), Oncostatin M, ciliary neurotropic factor (CNTF) and neurotrophin 1 also use the gp130 signaling and thus promote survival and proliferation [98, 102] . The soluble form of IL-6R, created by shedding from the cell membrane, can function as an agonist [103, 104] .
The source of IL-6 in the BM has been a matter of debate for many years, but it is currently accepted that although the major source are the BMSC, IL-6 induces both auto-and paracrine growth of the MM cells [2, 88, 96, 105, 106] . Binding of the MM cells to BMSC and secretion of cytokines (e.g. TNF , TGF 1, VEGF) by the MM cells have been shown to induce IL-6 production in the BMSC via NF-B activation [3, 99, [107] [108] [109] , whereas CD40L activation results in elevated IL-6 production in both MM cells and BMSC [110] . Moreover, IL-1 , IL-1 and TNF have been shown to stimulate IL-6 production in the MM cells [109] . It was reported by Frassanito et al. that MM cells able to secrete IL-6 themselves, have a rather malignant phenotype, are highly proliferative and are drug resistant [111] .
Elevated serum IL-6 (or indirect C-reactive protein) levels have been shown to correlate with disease stage and prognosis [112] [113] [114] . Thus, attempts were made to target IL-6 and IL-6R in treatment strategies with monoclonal antibodies or the IL-6 superantagonsist Sant7. However, only transient responses have been observed [114] [115] [116] [117] .
b. IGF-1
The disappointing results of the above mentioned anti-IL-6 treatment strategies and the fact that most MM cell lines are IL-6 independent has demonstrated that IL-6 is but one of the major cytokines in MM and has precluded a search for other growth factors [14, 118] . The factor currently considered to be at least equally as important as IL-6 in MM is IGF-1 (earlier described as a chemoattractant mediating migration). IGF-1 is able to induce proliferation of both IL-6 independent and dependent cell lines [30, 31, 119, 120] , acts synergistically with IL-6 [121] , also protects MM cells from Dexamethasone-induced apoptosis [122] [123] [124] and stimulates production of angiogenic factors [84] . IGF-1 elicits its effects by binding to the IGF-1R and the main source of IGF-1 in the BM is the BMSC [125] . The IGF-1R is expressed by both MM cell lines and primary MM cells and has been described as a transformation factor in several cancers [12, 126] . Binding of IGF-1 to its receptor results in the activation of 2 signaling pathways, namely the Ras/Raf/MAPK/Erk pathway mainly triggering proliferation and secretion of VEGF and the PI-3K/Akt pathway involved mainly in anti-apoptotic stimuli and migration [84, 127] . However, cross talk between both pathways has been described [127] . IGF-1 has also been found to activate NF-B, resulting in upregulation of a series of anti-apoptotic proteins [128] . Moreover, many of the signaling cascades downstream of the IGF-1R are being used by other cytokines like e.g. IL-6 and HGF and receptor synergy between IL-6R and IGF-1R in response to IL-6 has been shown [14, 129] .
Both serum levels of IGF-1 and the membrane expression of the IGF-1R are potent negative prognostic factors in MM [130, 131] . Picropodophyllin (PPP), an IGF-1R tyrosine kinase inhibitor, was shown to block autophosphorylation and downstream ERK activation, thus leading to inhibition of proliferation of and VEGF secretion by the MM cells [132] . Moreover, PPP reduced the BM tumor burden by 77%, the MVD by 60% and significantly prolonged survival in the 5T33MM model [133] . This anti-MM activity of selective IGF-1R inhibitors was also confirmed in a study using the selective kinase inhibitor NVP-ADW742 in an orthotopic xenograft MM model and clinical trials will soon be started [12] .
c. VEGF and FGF
As mentioned earlier, VEGF is also known to be a growth factor for MM cells and induces migration of the MM cells (see 'Angiogenesis'). This VEGF-triggered migration is mediated by PI-3K dependent PKC activation and Src-dependent phosphorylation of caveolin-1 [94, 134] . In addition, VEGF directly enhances osteoclastic bone resorption and survival of mature osteoclasts and inhibits maturation of dendritic cells [135] [136] [137] . Therapeutics targeting VEGF are discussed below.
The paracrine interaction of bFGF and IL-6 between MM and BMSC triggering neovascularization and MM growth has also been described earlier (see 'Angiogenesis'). The FGF receptors, namely FGFR1 to 4 are expressed by BMSC, while most MM cell lines and primary cells express the receptor subtypes R1, R2 and R4, except when they are carrying the t(4;14) translocation [87] . 10-20% of the MM patients harbor a t(4;14) primary translocation which results in the dysregulation of FGFR3 and correlates with a bad prognosis [138, 139] . Inhibition of FGFR3 in MM cells by using tyrosine kinase inhibitors induces growth arrest and apoptosis in a subcutaneous plasmacytoma xenograft model suggesting that FGFR3 could be a therapeutic target in t(4;14) positive MM patients [140, 141] .
d. SDF1
Besides mediating migration, SDF1 also induces modest proliferation and protects against Dexamethasoneinduced apoptosis by binding to its receptor CXCR-4 and activating the Ras/Raf/MAPK/Erk, PI-3K/Akt and IKK-/NF-B signaling cascades [28] . Although SDF1 has been shown to be secreted both by BMSC and MM cells themselves, we found no SDF1 secretion by the MM cells in the 5TMM model [28, 29, 142] . CXCR-4 is expressed both on MM cell lines and primary MM cells [26, 27, 143] . SDF1 induces IL-6 and VEGF secretion by the BMSC further promoting MM growth [28] . SDF1 might also be involved in the recruitment and activation of osteoclast precursors, as it was shown that the CXCR-4 specific inhibitor 4F-Benzoyl-TE14011 blocks osteoclast formation stimulated by the MM cells and SDF1 plasma levels correlate with the presence of osteolytic lesions in MM patients [142] . Using the CXCR-4 inhibitor 4F-benzoyl-TN14003, we demonstrated a 20% reduction in tumor load in the 5T33MM model [29] . Although recent study has demonstrated that SDF1 and VEGF act synergistically to stimulate angiogenesis [144] , we did not observe a significant effect on MVD.
e. TNF
TNF-is expressed both by MM cells and BMSC [25, 145] . TNF-has osteoclast activating activity in MM [145] and induces NF-B activation. This activation triggers upregulation of several adhesion molecules (both on the MM cells and BMSC) and results in enhanced IL-6, VEGF and IGF-1 secretion by the BMSC and in CAM-DR [9, 108, 146, 147] . Consequently, blocking of NF-B by specific inhibitors induces apoptosis, inhibits MM cell growth and overcomes the protective effect of the BM stroma [147, 148] .
For a long time the heterogeneous assembly of mesenchymal cells with fibroblast-like morphology or BMSC were considered to be the main and sole source of the above mentioned growth factors [14] . However, recent findings have demonstrated that the BMEC are also involved in autocrine and paracrine interactions with the MM cells. For example, BMEC isolated from MM patients (MMEC) secrete SDF1 , IL-6, VEGF, IGF-1, Ang-1 and Ang-2 and this in larger amounts than their healthy counterparts (HUVEC, human umbilical vascular endothelial cells) [23, 81] . Consequently, BMEC were shown to induce proliferation of the MM cells 2 . Moreover, coculturing of MM cells with HUVEC (partially) protected both against conventional agents and novel drugs (CC-5013, CC-10004 and CC-1088) [149] 2 . These data indicate that the EC are an important functional compartment of the BM promoting MM cell growth and survival and protecting against chemotherapy. Vacca et al. indicated that the MMEC are in an activated state compared to HUVEC. They exhibit morphological signs of activation, enhanced expression of specific antigens indicative of ongoing neovascularization, enhanced capillarogenic activity and enhanced secretion of the invasive factors MMP-2 and MMP-9 and the growth factors VEGF and bFGF [150, 151] . A VEGFdependent autocrine loop (VEGF-A and VEGFR-2) was shown for EC from MM patients and not from MGUS pa-tients [152] . Interestingly, it was recently reported that EC from both B-cell lymphomas and MM patients harbor the disease-specific genetic aberrations [153] 3 . Four mechanisms could possibly explain this: I) apoptotic bodies from tumor cells have been taken up by the EC, II) plasma cells and EC are derived from a common malignant precursor cell, III) plasma cell-EC fusion has taken place or IV) the EC which carry the genetic aberration has arisen from a cell that was already committed to the lymphoid lineage [153] .
RANKL (the receptor of NF-B) is an important osteoclastactivating factor produced by BMSC and osteoblasts.
Upon binding to its receptor RANK, expressed on osteoclast precursors and mature osteoclasts, RANKL induces osteoclast formation and survival. The natural soluble decoy receptor for RANKL, Osteoprotegerin (OPG), is secreted by the BMSC and overcomes interaction between RANK and its ligand [154] . In MM, tumor cells induce upregulation of RANKL expression and downregulation of OPG [155, 156] . Whether human MM cells express RANKL themselves or induce increased RANKL expression by the BMSC is still controversial [154, [157] [158] [159] . However, MM cells induce increased RANKL expression in the BM, thereby triggering bone resorption and thus release of growth factors from the bone matrix [160] . BMEC also express RANKL, and MM cells promote osteoclast activation through upregulation of RANKL expression on the EC [161] 4 . This upregulation seems to be mediated at least in part by direct interaction between the cells via CD44 [161] . Moreover, VEGF and OPN secreted by the MM cells induce IL-8 secretion by HUVEC and subsequent osteoclastogenesis 5 . Furthermore, both BMSC and BMEC express RANK and produce IL-6 and IL-11 in response to RANKL, thus further promoting tumor growth [162] . These data confirm the active role of the EC in MM progression. The growth factor loops between the MM cells and both BMSC and BMEC are summarized in (Fig. 2) .
CIRCULATING ENDOTHELIAL CELLS (CEC) AND ENDOTHELIAL PROGENITOR CELLS (EPC)
Measurement of angiogenesis to predict and/ or assess efficacy of the anti-angiogenic therapies on the basis of the MVD has some major drawbacks: I) the approach is invasive, II) MVD of a tumor biopsy might not be informative for the vascular activity of the whole organ, and III) MVD may not reflect realtime vascular activity as MVD is the net result of cumulative phases of angiogenesis and angioregression [16, 163] . To have a better understanding of the ongoing angiogenesis the endothelial cell proliferation fraction can be determined by a CD34 (highlighting the EC) and Ki-67 (staining of the nuclei of proliferating EC) double immunostaining, but then the 2 first problems still remain and it remains a time-point observation [16] .
Increase in the number of circulating endothelial cells (CECs) and endothelial progenitor cells (EPCs) in the peripheral blood is associated with vascular injury, repair, neovascularization and tumor growth [164] [165] [166] [167] [168] . Currently, CECs are considered to be terminally differentiated mature CD34-, VEGFR2-and CD146-positive EC that have randomly desquamated from the intima of the blood vessels and enter the circulation as a result of injury [164, 169] . Elevated numbers have been described in various tumors and CECs have been shown to be significantly correlated with disease progression and plasma levels of VEGF [165, 167, 168] . However, their actual functional contribution to tumor growth and angiogenesis remains to be determined. In contrast, EPCs are BM-derived CD34-, VEGFR2-and CD133-positive cells that have the capacity to proliferate, migrate and differentiate into endothelial lineage cells and as such have not yet acquired the characteristics of mature EC [164, 169, 170] . Emerging evidence demonstrated that EPCs are recruited from the BM and are incorporated into sites of active neovascularization during tumor growth [166, 171, 172] . This recruitment seems to be driven by the presence of a hypoxic stimulus resulting in the increased availability of hypoxia-inducible factor-1 (HIF-1) inducible pro-angiogenic factors (e.g. VEGF) and chemokines (e.g. SDF1 ) and subsequent mobilization of the EPCs [166, 173] . EPC recruitment is typically only seen in advanced tumors with already enhanced neovascularization and it has been shown that during tumor progression, the EC acquire new characteristics and secrete CC chemokines (e.g. SDF1 ). As such, these chemokines play a dual role by stimulating endothelial cell proliferation locally and guiding EPCs systemically, indicating that endothelial cells foster neovascularization in a selfamplifying loop [174] . However, both the identity and the true neo-integration of BM-derived cells have been challenged [175] [176] [177] . Nevertheless, as reviewed by Goon et al., numerous reports demonstrated that both EPC and CEC seem to be a surrogate marker for angiogenesis and tumor growth.
In MM, it was shown that EPCs numbers in the BM are higher in MM patients with active disease than in responders, MGUS patients and healthy controls [178] . These data were confirmed by Zhang et al. who showed that CECs and EPCs levels are higher in MM patients than healthy controls and correlate positively with serum M protein and 2 -microglobulin [179] . Response to Thalidomide was associated with a reduction in CECs and EPCs. Therefore, CECs and EPCs numbers are considered to be a vascular marker which reflects tumor growth and has prognostic value in MM. Two independent research facilities have recently provided evidence that EPCs and MM cells may derive from a common hemangioblast precursor cell as in a population of MM patients EPCs showed clonal restriction and genetic similarity to plasma cells and in MM patients with 13q14 deletion, EPCs carried the same aberrations as the MM cells [180] 6 .
The main issue in endothelial (progenitor) cell research and therapy, namely the lack of consensus concerning the definition of CECs and EPCs, needs to be resolved before we can fully appreciate their contribution to tumor growth and angiogenesis.
TARGETING OF BMEC
Depending on the status of the MM patient, Melphalan in combination with Prednisone (MP) (elderly patients or patients in poor physical condition) or high dose therapy followed by stem cell rescue (HDT, patients younger than 65 years with a good performance status) still remain the golden standard in MM therapy [181, 182] . As HDT, the VAD regimen (Vincristine, Adriamycin and Dexamethasone) has less toxicity to hematopoietic stem cells than the MP regimen. Despite therapeutic advances, MM still remains an incurable disease due to chemotherapeutic resistance. Classically, investigations of drug resistance had focused on the molecular biology of the cancer cell revealing overall 4 mechanisms: (I) reduced intracellular drug accumulation, (II) repair of drug-induced damage, (III) inhibition of programmed cell death pathways and (IV) alteration in the drug target [183] . However, as mentioned earlier it has been intensively reported over the past few years that myeloma-BM stroma interactions are involved in MM growth, migration, angiogenesis and bone disease and thus in drug resistance. As such, it has become apparent that new therapeutic drugs should not necessarily target the tumor cell alone, but also the microenvironment that sustains the cells and might be even tumoral itself. At this moment, the list of novel agents in MM targeting both MM cells and interactions of MM cells with the BM microenvironment is large and still expanding as shown in Table 1 [184] . Here, we will focus on the novel therapeutics targeting directly or indirectly the BMEC. 
a. Thalidomide/ImiDs
While the sedative was banned in the 1960's due to severe teratogenicity, Thalidomide has now been proven to be an effective treatment for refractory and relapsed MM patients [185] . The first study of efficacy of Thalidomide for treating advanced MM was conducted in 1999 and demonstrated a total response rate of 32% and a mean rate of overall survival of 58% after 12 months of follow-up [186] . This study was confirmed by several others [187] [188] [189] . Moreover, Thalidomide was also evaluated in untreated, asymptomatic patients, with also a response rate of 36% [190] . This response rate was further augmented to 64% by combining with Dexamethasone [191] . Since this regimen has fewer side effects than VAD its clinical application as induction therapy prior to HDT is under investigation. The combination of Thalidomide with MP resulted in a 50% improvement in the overall response and a median event-free survival similar to that observed after HDT [192] . The main side effects reported of Thalidomide are deep vein thrombosis and peripheral neuropathy. However, the side effects depend upon the starting, maximal target and cumulative dose and are influenced by the chemotherapeutic agent with which it is combined [193] . The empirical basis for using Thalidomide in MM was based on the observed anti-angiogenic activity in experimental models together with the observation that BM angiogenesis is a hallmark of MM progression [194, 195] . There is some controversy regarding the effect of Thalidomide on the MVD. In the study of Singhal et al. there was no significant change in MVD in responders, while in a recent study a significant decrease in MVD was demonstrated only in those patients who responded [196] . Antiangiogenic effects of Thalidomide have also been reported by Lentzsch et al. [197] . It has now become clear that the mechanism of action of Thalidomide against MM seems to be more complex than simply inhibiting angiogenesis [198] . Although the precise mechanisms are still unclear, it has been shown that Thalidomide induces apoptosis of MM cell lines and primary MM cells resistant to Mephalan, Doxorubicin and Dexamethasone [199] , disrupts BM-MM cell interactions and subsequent IL-6 and VEGF secretion [88] , suppresses TNF activity [199, 200] , increases T and NK cell activity [201] and inhibits proliferation and capillarogenesis of MMEC [150] . From Thalidomide the far more potent immunomodulatory drugs or ImiDs were derived, presenting fewer side effects. Currently, two compounds, namely CC-5013 (Revlimid) and CC-4047 (Actimid), have been clinically tested showing promising results [202, 203] . Besides exerting the typical Thalidomide effects, these compounds have been shown to induce caspase-8-dependent apoptosis, down-regulate NF-B activity in MM cells and sensitize MM cells to apoptosis induced by Fas and Dexamethasone [204] .
b. Bortezomib
The 26S proteasome is a multicatalytic enzyme complex responsible for the turnover of numerous proteins regulating cell cycle, apoptosis, cell adhesion, transcription and angiogenesis [205] . Blocking of this proteasomal degradation pathway stabilizes the proteins involved in the regulation of the cell cycle, thus disrupting cell proliferation and eventually leading to cell death [206, 207] .
Bortezomib (Velcade), formerly known as PS341, is a proteasome inhibitor approved for therapy of patients with progressive MM after previous treatment (response rate 35%) [13, 208] . This boronic acid dipeptide induces apoptosis in drug resistant MM cells by induction of caspasedependent apoptosis [209, 210] , down-regulates the expression of several apoptosis inhibitors [210] , interferes with the adhesion of the MM cells to the BMSC, inhibits the production of growth, survival (e.g. IL-6) and angiogenic factors (VEGF) and potentiates sensitivity of MM cells to Doxorubicin, Melphalan and Dexamethasone [81, 211, 212] . Several effects of Bortezomib are mediated through preventing the activation of NF-B [148, 213] . Moreover, Bortezomib down-regulates caveolin-1 expression and inhibits VEGFtriggered caveolin-1 phosphorylation, both of which are required for VEGF-induced MM cell migration [134] . In animal models, it was shown that proteasome inhibitors also have an anti-angiogenic effect [214, 215] . In human MM, Bortezomib targets angiogenesis by a direct effect on human MMEC both in vitro (proliferation, chemotaxis, adhesion on fibronectin, capillary formation on Matrigel assay) and in vivo in the chorioallantoic membrane assay [81] . Bortezomib also down-regulates genes of cytokines required for autocrine and paracrine growth of EC, including VEGF, IL-6, IGF-1, Ang-1 and Ang-2, thus exerting an indirect antiangiogenic activity on MMEC [81] . In HUVECs, Borte-zomib inhibits proliferation, survival and migration, by inhibiting VEGF-triggered tyrosine phosphorylation of caveolin-1 [134] .
c. Arsenic Trioxide
Arsenic trioxide is highly effective in the treatment of relapsed or refractory acute promyelocytic leukemia and induces apoptosis by disrupting the mitochondrial transmembrane potential [216, 217] . In MM, arsenic trioxide induces cell cycle arrest (by inducing the p21 cyclin-dependent kinase inhibitor protein) and apoptosis (by caspase activation), even in the presence of IL-6 or BM stroma [218, 219] . A phase 2 study demonstrated arsenic trioxide to be well tolerated as a single-agent therapy and may be of benefit, even in patients with late-stage, relapsed and refractory MM [220] . Arsenic trioxide inhibits angiogenesis in leukemia by causing cell death of the EC and inhibiting VEGF production by the leukemia cells [221] . The anti-angiogenic effect of Arsenic trioxide has only very recently been described for MM [222] .
d. VEGF/VEGFR Targeting
PKT787/ZK222584 is a tyrosine kinase inhibitor that binds to the ATP-binding sites of the VEGF receptors [223, 224] . In MM, PKT787/ZK222584 was shown to inhibit VEGF-induced MM cell growth, migration and paracrine IL-6 induced MM cell growth and is currently tested in a phase 1 trial [225] .
GW654652 is an indazolpyrimidine and this small molecule belongs to the group of tyrosine kinase inhibitors, inhibiting all 3 VEGF receptors with similar potency. In MM, GW654652 blocks VEGF-induced tyrosine phosphorylation of VEGFR1 and downstream activation of MAPK and Akt-1 and inhibits MM cell migration, proliferation and survival. Moreover, GW654652 blocks HUVEC proliferation, inhibits VEGF and IL-6 secretion and has the potential to overcome drug resistance [226] .
Numerous other tyrosine kinase inhibitors (SU5416 and SU11248, AG013676, CP-547632, ZD6474 and BAY 43-9006) have been tested in both preclinical models and clinical trials of solid tumors and hematological cancers [13] . Using the broad spectrum inhibitor SU11657 (against VEGF-and PDGF-receptors), a complete inhibition of MM cell-induced angiogenesis in vivo could be observed in both the 5T2 and 5T33MM models. Moreover, SU11657 significantly prolongs survival of 5T2MM diseased mice with 4 weeks (p<0,0001). Additional in vitro and in vivo experiments indicated that the observed therapeutic effect is not only caused by an anti-angiogenesis effect but involves also inhibition of stromal cell-mediated MM cell growth and MM cell-induced osteoclast activation 7 .
Bevacizumab (Avastin) is a humanized monoclonal antibody against VEGF and has been shown to be effective alone or in combination in several solid tumors. Of interest, Bevacizumab reduces the levels of EPCs and has antivascu- lar effects in human rectal cancer [170] . Ongoing studies are evaluating the efficacy of Bevacizumab in advanced MM [13] .
e. Neovastat
Neovastat is an orally available extract from shark cartilage and has been reported to be anti-angiogenic through numerous mechanisms: I) it inhibits the activity of specific metalloproteinases (MMP-2, -9 and -13), II) it downregulates the VEGF signaling pathway (VEGFR2), III) it induces apoptosis in EC and IV) it stimulates tissue-type plasminogen activator (tPA) enzymatic activities [227] . Neovastat also has antitumor and antimetastatic activities [227] . Since it was shown that neovastat has no effect on proliferation of the tumor cells in vitro, these activities are thought to be mediated through direct effects on the EC. A phase II trial is ongoing to evaluate the efficacy of Neovastat as a monotherapy treatment for non-responding MM patients [227, 228] .
f. 2-Methoxyestradiol (2-ME-2)
2-ME-2 is the natural metabolite of estradiol. Although the mechanisms remain unclear 2-ME-2 has been shown to have potent antitumor and anti-angiogenic properties [229, 230] . In MM, 2-ME-2 inhibits growth and induces apoptosis in both MM cell lines and primary cells and VEGF secretion by the BMSC and BMEC is inhibited [13] . 2-ME-2 also overcomes drug resistance [231] . As such, 2-ME-2 has been shown to prolong survival and decreases angiogenesis in the SCID murine MM model [231, 232] .
CONCLUDING REMARKS
The unraveling of paracrine interactions between the MM cells and BM microenvironment that are involved in MM growth, migration, angiogenesis, bone disease and drug resistance, has led to the understanding that new therapeutic drugs should target both MM cells and the BM microenvironment that sustains the cells and might be even tumoral itself. For many years the BM fibroblasts were though to be the main cell type with whom the MM cells functionally interact. However, BMEC, besides being involved in homing and angiogenesis, also secrete growth factors, are involved in osteoclastogenesis and protect against chemotherapy; demonstrating that BMEC are actively involved in MM progression. Novel therapeutic agents targeting directly or indirectly the BMEC have shown preclinical or clinical promise. Based on the current knowledge of the interaction between the MM cells and its BM milieu, one realizes that a single agent will not be able to control MM permanently and future clinical trials should combine drugs targeting simultaneously distinct pathways involved in MM progression. CECs and EPCs numbers might be used for assessment of angiogenic status during therapy. The exact role of EPCs in MM progression and whether or not they and MMEC belong to the myeloma clone, remains to be investigated.
